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Transferring graphene flakes onto hexagonal boron nitride (h-BN) has been the most popular approach for the
fabrication of graphne/h-BN heterostructures so far. The orientation between graphene and h-BN lattices, how-
ever, are not controllable and the h-BN/graphene interfaces are prone to be contaminated during this elaborate
process. Direct synthesis of graphene on h-BN is an alternative and rapidly growing approach. Synthesized
graphene via such approaches is personally tailored to conform to each specific h-BN flakes, hence the lim-
itations of conventional fabrication approaches are overcome. Reported processes paved the initial steps to
improve the scalablity of the device fabrication for industrial applications. Reviewing the developments in the
field, from the birth point to the current status is the focus of this letter. We show how the field has been
developed to overcome the existing challenges one after the other and discuss where the field is heading to.
Introduction
Electronic mobility in supported graphene is highly limited
by the roughness and the charged impurities on the sur-
face of the substrate 1 2 3. Inserting a thick (& 10nm) buffer
layer of hexagonal boron nitride – with atomically flat and
neutral surface – in between graphene and the supporting
substrate helps to overcome those limitations. Heterostruc-
ture of graphene on multilayer h-BN flakes was first success-
fully realized and studied by C. Dean et al 4; their device ex-
hibited charge carrier mobilities as high as 140,000 cm2/V s
which was not reachable on supported devices by that time.
Next work from the same group 5 also confirmed the ad-
vantages of h-BN as a matress for CVD graphene. Lately by
sandwiching graphene between two h-BN layers, very long
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mean free paths and ballistic transport was reported even
at room temperature 6 7. Its dielectric nature and lattice pa-
rameter – which is close to that of graphene – are the other
remarkable properties of h-BN as a matress for graphene.
In all these reports, chemical vapor deposition (CVD) or
exfoliated graphene is first isolated on an intermediate sub-
strate and then transferred onto the h-BN flakes. The pro-
cess is of remarkable disadvantages: i) contaminating the
surface of h-BN and graphene is highly possible during this
process as air or water molecules might be trapped at the
interface. ii) graphene can be damaged or wrinkled and iii)
the process does not provide any control over the relative
orientation of graphene and h-BN: the random orientation
of the lattices may lead to irreproducible results. iv) Macro-
scopic alignment of microscale graphene on h-BN flakes is
another issue which is time-consuming and troublesome in
practice.
Transfer-free, direct growth of graphene on h-BN tech-
niques offer solutions to overcome the limitations listed
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above. Particularly, in such techniques the graphene/h-BN
interface is realized in-situ and thus no external contami-
nant may get trapped in between.
In this letter, we review the progress of the techniques
to grow graphene on thick h-BN flakes. Standard CVD
of graphene benefits from the presence of a catalyst (e.g.
copper) as the promoter of the growth; the absence of
such a catalyst hinders direct growing of graphene on h-
BN. We discuss how different approaches tackled this lim-
itation. Different aspects of such growth methods are re-
viewed here. Note that there are some methods devel-
oped for growing both graphene and mono- (few-) layer h-
BN together to make thin (. 10nm) graphene/h-BN stacks
or patchworks 8 9 10 11; Interestingly, the growth of the first
sample of this type was reported even before the first real-
ization of graphene by exfoliation 12. Thickness of h-BN lay-
ers achieved in such approaches, however, are not enough
to smoothen the roughness of underlying substrates and di-
minish the effect of the random potentials resting on the
wafer; such approached are out of the scope of this letter
then.
1 Yield issues in in-situ growth of graphene
Chemical growth of graphene relies based on the decom-
posing carbon-rich precursor molecules (e.g. methane) at
the presence of a catalyst. The elevated temperature of the
growth chamber provides enough energy for the reouultant
carbon atoms to get mobilized and reach and bind the other
carbon atoms and form a graphene layer. Indeed the pres-
ence of the catalyst plays a vital role to speed-up the growth:
skipping the catalyst is a major limitation for the growth of
graphene on arbitrary (i.e. non-catalyst) substrates such as
on h-BN.
The first paper about directly growing CVD graphene on
h-BN was submitted for publication just four months after
the first realization of the graphene/h-BN stacking 4. The
rapid inception implies the importance of the in-situ growth
approaches in the first place. Published by Ding et al 13, this
paper confirmed the possibility of chemically growing few-
layer graphene on h-BN powders. The importance of cata-
lyst was, however, overlooked: no remarkable arrangement
was considered to compensate its absence. The size of the
graphene domains remained unclear; even-though as a nor-
mal CVD process with very short growth time (compared
to the later reports) was used, domains larger than few
nanometers are hardly expected. Figure 1-a and b shows
some of the results. Lately and as the field started develop-
ing, few approaches have been introduced to overcome the
absence of the catalyst.
1.1 Elongated growth
Elongating the growth course is the simplest approach to
compensate the absence of the catalyst. Son et al 14 mechan-
ically exfoliated h-BN flakes on a silicon wafer and grew
graphene in an atmospheric pressure CVD chamber. Differ-
ent growth temperatures ranging between 900◦C to 1000◦C
with a similar growth duration of 2 hours were tested. Do-
mains of ∼ 100nm in diameter achieved. They reported a
direct trend of increasing the density of the graphene pads
upon increasing the growth temperature (Figure 1-c and d).
The grown graphene flakes were of rounded shapes with
the thicknesses of the order of 0.5 nm. AFM, Raman and
XPS analysis have been performed to confirm the growth
and characterize the graphene.
The approach was followed later by Tang et al 15. Like the
Son’s experiment, graphene was grown on hexagonal boron
nitride flakes exfoliated on silicon wafer, albeit through a
low pressure CVD process. They noticed that screw disloca-
tions on the flakes are favorable nucleation sites. The slow
growth rate due to the missing of the catalyst was very ev-
ident in the results reported; a growth duration of 6 hours
only led to the formation of graphene grains of maximum
270 nm in diameter (Figure 1-e to g). The graphene do-
mains were mostly single layer.
Elongating the growth – although is simple – is of certain
drawbacks: The reported graphene domains – even after
several hours of growth – could hardly reach few hundreds
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Fig. 1 Early reports on the direct growth of graphene on thick h-BN flakes
a) and (b) Results of Ding et al : Graphene was grown on h-BN powders
through a CVD process. The Raman spectra on (b) are taken from bare
h-BN powder and after the growth. Reprinted from 13, Copyright (2011),
with permission from Elsevier.
c) and (d) Results of Son et al : The effect of the growth temperature on
the density of the obtained flakes was reported as AFM mappings in this
work. The density raised a lot as the temperature increased from 900◦C to
1000◦C. This growth lasts for 2 hours. The inset in (d) shows an example
of the Raman spectrum reported on this sample. Adapted from 14 with
permission of The Royal Society of Chemistry.
e), (f) and (g) Results of Tang et al : AFM measurements shown in these
figures were performed on the samples with 1, 3 and 6 hours of growth.
Reprinted from 15, Copyright (2012), with permission from Elsevier.
of nanometers and are incompatible with typical device fab-
rication processes. The long operation time and high energy
consumption are unfavorable for industrial applications.
1.2 Optimized growth parameters
Fine-tuning the growth parameters is a wiser approach to
improve the yield. Mishra et al16 showed that in a typi-
cal CVD process, increasing the partial pressure of hydro-
gen and elevating the growth temperature can achieve an
improved growth rate of up to 100nm/min (to be com-
pared with 5nm/min with standard CVD growth parame-
ters 17)(Figure 2-a). They systematically investigated the
effect of the partial pressure of hydrogen on the crystallinity
of the grown graphene domains: Low partial pressure of
hydrogen (H2 to CH4 ratio of 1:1) mainly achieved circu-
lar poly-crystalline grains. Increasing the partial pressure
of hydrogen (H2 to CH4 ratio of 30:1), however, led to the
formation of van der Waals epitaxy (discussed in section 2)
with aligned hexagonal grains. Indeed reducing the density
of nucleation centers via hydrogen etching plays a vital role
in reported results.
1.3 Plasma-enhanced chemical vapor deposition
Inspired by earlier works on the growth of graphene on non-
catalyst substrates 18 19, Yang et al employed remote plasma-
enhanced chemical vapor deposition (RPE-CVD) technique
to grow graphene on exfoliated h-BN flakes 20. Here a re-
mote plasma source decomposes methane molecules into
various reactive radicals prier reaching the substrate; hence
catalyst can be omitted. The approach provides enough con-
trol over the number of layers and uniformity of graphene.
In principal, the size of the graphene is only limited by the
size of underlying h-BN flakes. Growth temperature controls
both the epitaxy and the rate of the growth: Even-though in-
creasing the growth temperature improves the growth rate,
population of nucleation centers also increases at the same
time which may lead to three-dimensional – instead of layer
by layer – growth and suppress the epitaxy. The growth
temperature of ∼500◦C was the best compromise between
epitaxy and growth rate. In this condition, several growth
periods, each of two to three hours are still required to ob-
tain the desired graphene sizes.
1.4 Gaseous catalyst
While the presence of the h-BN as a background substrate
does not leave any room for a solid catalyst, Tang et al 17
used gaseous silane (SiH4) and germane (GeH4) catalysts to
boost the growth. At a temperature of 1280◦C, the growth
rate reached 50nm/min and 400nm/min, respectively in the
presence of germane and silane: the yield was highly im-
proved comparing to the recorded 5nm/min in the absence
of any catalyst. They noticed that elevating the growth tem-
perature upto 1350◦C further accelerate the growth to reach
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∼ 1µm/min (Figure 2-b). Importantly , the Auger electron
spectroscopy of the domains did not exhibit any trace of
silicon or germanium in the grown graphene crystal. Ap-
parently, those atoms only stick to the edge of the graphene
domains and lower the reaction barrier for carbon precur-
sors to form the honeycomb lattice during the growth (Fig-
ure 2-c). AFM analyses confirmed that more than 93% of
the graphene domains are well oriented with respect to the
background lattice of h-BN.
1.5 Proximity-driven overgrowth
A new approach in the growth of graphene on non-catalyst
materials such as h-BN was introduced by our group re-
cently 21. Unlike the previous approaches, the growth is per-
formed on h-BN flakes which are pre-exfoliated on the cop-
per foil (Figure 2-d). Hence, the carbon-rich precursors still
have access to catalyst, albeit indirectly. The growth rate of
graphene on h-BN was improved dramatically: a full cov-
erage of graphene on millimeter sized h-BN flake is achiev-
able in the same rate of graphene on surrounding copper foil
(Figure 2-e). The obtained devices exhibited charge carrier
mobilities of 20,000cm2/Vs and very neutral grapheneh-BN
interfaces.
2 Growth mechanism
In fabricating heterostructures by depositing a material on
a substrate at least two mechanisms are considerable: In
materials with terminating layers full of dangling bonds,
atoms in one material can establish covalent bounds only to
the atoms of very similar lattice; indeed the covalent bonds
are very sensitive to the length and the angle between the
atoms. This is an important hindrance in epitaxial growth
between materials with different lattice parameters. Fig-
ure 3-a schematically illustrates this mechanism. The situa-
tion is very different in between two materials with perfect
terminating surfaces and no dangling bonds (Figure 3-b).
Here, the absence of the dangling bonds can lead to the
formation of very sharp interfaces with small amount of de-
fects. This growth mechanism is referred to as van der Waals
800 nm800 nm300 nm
(a) 20 mbar 90 mbar 150 mbar
C2H2SiH4
SiO2h-BN
(b) (c)
2 µm 100 µm
(d) op�cal image
G mode posi�on
(e)
0
4
8
12
16
0 10 20 30 40
germane
no catalyst
sila
ne
growth �me (min)
di
am
et
er
 (µ
m
)
Fig. 2 Various approaches to improve the growth rate
a) Effect of increasing the growth pressure on the grin size: SEM images
showing graphene grains synthesized on h-BN flakes at 1150◦C under
various chamber pressures. Reprinted from 16, Copyright (2016), with per-
mission from Elsevier.
b and c) Gaseous phase catalyst to improve the growth rate: b) compar-
ison of the experimentally measured grain size of graphene flakes grown
at 1280◦C with and without gaseous catalysts. c) Schematic illustration
showing the mechanism of growing monolayer graphene onto h-BN: sili-
con atoms (shown as red color spheres) achieved from the decomposition
of SiH4 bind to the edge of the graphene and boost the growth. Reprinted
with adaptations from 17.
d and e) Proximity driven over growth of graphene onto h-BN flakes pre-
exfoliated on the copper foil: d) AFM mapping showing an h-BN flake (cov-
ered with graphene) on the copper foil at the end of the growth course. The
color code shows the height, ranging between 0nm and 500nm. e) Optical
image (top) and Raman G mode position mapping (bottom) of a millime-
ter scale h-BN flake on the copper foil, fully covered by graphene. The
color code shows the Raman frequency ranging between 1584cm−1 and
1600cm−1. Reprinted with adaptations from 21.
4
epitaxy and can be realized even in the presence of large lat-
tice mismatches 22 23. As graphene and h-BN are both free
from dangling bonds, van der Waals epitaxy is normally the
governing growth mechanism.
Garcia et al 24 first reported van der Waals epitaxy in in-
situ growing graphene on h-BN. Unlike the previous exper-
iments, graphene was grown by molecular beam epitaxy
(MBE) using solid carbon sources. Combined Raman and
AFM analysis revealed that the growth is independent of
the flux of carbon atoms; instead, carbon atoms deposed
on the surface, migrate freely and accumulate in selective
spots on the h-BN surface (Figure 3-b and c). This observa-
tion pointed out that the carbon atoms are of very high mo-
bilities on the neutral h-BN, confirming that van der Waals
epitaxy was achieved. Recently, van der Waals epitaxy was
reported in CVD growth of graphene on h-BN also 16.
A seprate but complementary growth mechanism involves
extending graphene – already nucleated on the copper foil
– onto nearby h-BN flakes. This mechanism was first ob-
served in graphene grown on few-layer chemically grown
h-BN sheets 11; our recent work 21, however, confirmed that
the thickness of the h-BN is not any limitation as graphene
can overgrow on hundreds-of-nanometers-thick h-BN flakes,
mechanically pre-exfoliated on the copper foil. Inset to Fig-
ure 3-d explains our hypothesized model for this growth.
Precursors are cracked on the copper foil. The achieved car-
bon radicals move randomly in different directions and are
energetic enough to continuously jump over the h-BN flake
and bond as-growing graphene. The presence of the cop-
per catalyst and high mobility of carbon atoms – as a result
of the van der Waals epitaxy – guarantees high growth rate
atop h-BN flakes. The main panel of Figure 3-d shows SEM
image of a h-N flake covered with graphene.
3 Epitaxial Growth
Once two similar patterns of crystalline lattices (e.g.
graphene and h-BN lattices) are superimposed with a small
displacement or rotation in between, a secondary pattern
known as moiré generates 25 26. Moiré superlattice poten-
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Fig. 3 Known mechanisms governing the growth of graphene on h-BN
flakes
a) Comparison of the epitaxial growth in between materials with (left) and
without (right) dangling bonds, the latter has been dubbed van der Waals
epitaxy ; in both cases the atoms, corresponding to the substrate and to
the deposited film are shown in blue and pink respectively.
b) AFM and c) Raman (intensity of 2D peak of graphene) mapping of a
h-BN flake with deposited graphene via molecular beam epitaxy; the map-
pings show that carbon atoms are freely migrated and accumulated in
some preferential spots on the surface of h-BN. Reprinted from 24, Copy-
right (2012), with permission from Elsevier.
d) Schematic representation of the mechanism (inset) and SEM image of
graphene (both mono- and bi-layer) nucleated on the copper foil and ex-
tended over the h-BN flake via proximity driven growth.
tial affects the propagation of charge carriers in graphene by
inducing new Dirac points, known as satellite Dirac points
(SDPs) in the band structure of graphene. The energy of
SDPs (ESDP) depends on the wave vector of the superlattice
(λSL) which itself is a function of the misorientation angle
(Φ) between the lattices: 27
ESDP =± h¯v f |
~G|
2 =± 2pi h¯vF√3λSL , where:
λSL = (1+δ )a√
2(1+δ )(1−cosΦ)+δ 2
In this relation, ~G represents the reciprocal superlattice vec-
tor and vF ≈ 106m/s is the Fermi velocity of quasiparticles
in graphene. Additionally, a = 2.46 and δ = 1.8% are the
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lattice parameter of graphene and the mismatch between
graphene and h-BN lattices, respectively.
Controlling and minimizing the misorientation angle in
graphene/h-BN heterostructures is of great importance to
lower structural uncertainties. Indeed traditional method
of transferring exfoliated graphene on h-BN leads a ran-
dom orientation of the latices. Although recent progresses
in the field revealed that post-treatment of the samples at
elevated temperatures can drive graphene to rotate and fol-
low h-BN lattices 28 29, such approaches are more efficient
in sub-micrometer flakes. In-situ growng graphene on h-
BN, however, is of proven capabilities to control Φ in much
larger samples.
Yang et al utilized plasma-enhanced CVD technique to
grow graphene on mechanically exfoliated h-BN flakes 20.
Large area, epitaxial and single crystal graphene domains
directly grown on the h-BN flakes were obtained. Breaking
down the methane molecules with a remote plasma source
eliminated the need for a catalyst and enhanced the growth
rate and the domains size. The cleanness of the flakes was
high enough that they manage to observe the moiré pattern
associated to superposition of graphene and h-BN crystals
by AFM analysis (Figure 4-a,b). This analysis showed that
graphene’s lattice follows the orientation of the underlying
h-BN. The size of the graphene was limited by the size of
the h-BN flake, large enough to fabricate devices for trans-
port experiments. The signature of the superposition of the
lattices as extra Dirac points in the resistivity and quan-
tum Hall effect measurements revealed at low temperatures
(Figure 4-c,d).
We note that similar alignment was reported later by Tang
et al 30 17 (Figure 4-e,f) and Mishra et al 16.
4 Discussion
Table 1 summarizes the important reports of in-situ grow-
ing graphene on thick ( monolayer) h-BN flakes in a
chronological order. Chemical vapor deposition (including
its derivatives) using methane precursor has been the most
frequently employed method. Such reports demonstrated
the growth in a wide temperature range.
The size of the resultant graphene samples and growth
rate have been improved gradually over the last years. Sim-
ilar improvements in controlling the thickness (number of
layers) of graphene is also detectable. While the orienta-
tion of graphene in early reports were unclear, recent works
reported a trend in graphene/h-BN lattice alignment. The
best mobility reported for in-situ grown samples is still much
inferior than what is achieved in transfer-fabricated sam-
ples, even with CVD graphene 5 which points out the affect
of crystalline defects. Indeed the techniques employed to
compensate the lack of catalysts – even-though successful
to preserve the growth rate – yet failed to yield crystalline
qualities comparable to that of graphene grown on a cata-
lyst.
5 Conclusion and perspective
In-situ growth of graphene on h-BN provides the possibility
for achieving hetero-structures with clean interfaces. The
risk of damaging graphene during transfer-fabrication is
eliminated. Some growth approaches can even yield to the
alignment of graphene with respect to the underlying h-BN
lattice. While early attempts suffer from low growth rate
as a result of the skipping of the catalyst, the new devel-
opment in which the catalyst material indirectly promotes
the growth guaranteed full coverage of milimterscale h-BN
flakes with a rate identical on the catalyst.
The electronic transport properties of graphene achieved
by in-situ growth approaches are still inferior than the de-
vices achieved in transfer-fabrication methods. Indeed crys-
talline defects serving as charge carrier scattering centers
are abundant; certain measures have to be taken to improve
the crystalline order of graphene in the future.
Sandwiching graphene in between two h-BN flakes pro-
vides the best device quality; no in-situ growth method has
yet succeeded to yield such structures. Additionally, di-
rect growth of van der Waals hetero-structures with mul-
tiple two-dimensional materials is on the perspective. The
choice of CVD is based on the qualification of the methods in
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Table 1 Summary of the reports of in-situgrowing graphene on thick h-BN flakes, in chronological order
report process precursor temperature duration size thickness orientated‡ mobility
Ding 13 CVD CH4 (50-90 sccm) 1000◦C 3-8 min not reported > 6 L not clear not reported
Son 14 CVD CH4 (30-50 sccm) 900-1000◦C 2 hrs 100 nm ≈ 0.5nm not clear not reported
Tang 15 CVD CH4 (5 sccm) 1200◦C 1-6 hrs <270 nm ML not clear not reported
Garcia 24 MBE solid carbon 600-930◦C 40.6 min nm-scale ML not clear not reported
Yang 20 PECVD CH†4 ≈ 500◦C  3 hrs µm-scale ML& BL yes ∼ 5,000cm2/Vs (at 1.5 K)
Tang 30 CVD CH4 (5 sccm) 1200◦C 1-5 hrs µm-scale ML& BL yes 20,000cm2/Vs (at 300 K)
Tang 17 CVD C2H
†
2 1280-1350
◦C 5-40 min µm-scale ML yes 20,000cm2/Vs (at 300 K)
Mishra 16 cold-wall CVD CH†4 1000-1150
◦C 30 min µm-scale ML yes not reported
Arjmandi-Tash 21 CVD CH4 (5 sccm) 1050◦C 90 s mm-scale ML not clear 20,000cm2/Vs (at 80 K)
ML: monolayer, BL: bilayer
‡ if graphene follows the orientation of underlying h-BN
† The flow rate of the precursor was not reported in this work.
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Fig. 4 Crystalline biased growth of graphene on h-BN
a) Moiré pattern due to the superposition of the graphene and h-BN lat-
tices, b) Filtered inverse fast Fourier transform of the pattern which is visi-
ble in the dashed square in a, height profile along the dashed line is shown
in the lower part. The periodicity of the oscillations can be used to calcu-
late the rotation angle between the lattices. Reprinted by permission from
Macmillan Publishers Ltd: Nature Materials 20, copyright (2013).
c) Gate dependence of the resistivity measured at different temperatures:
satellite peaks shown at the left and right side of the Dirac point are due
to the formation of the superlattice. d) This effect also shows up as the
pattern at the left side of the fan diagram of the Rxy in the quantum hall
measurement. Reprinted by permission from Macmillan Publishers Ltd:
Nature Materials 20, copyright (2013).
e) Topography of the small graphene flakes and (f) moiré pattern associ-
ated to graphene/h-BN superposition. Reprinted with adaptations from 30.
The mappings shown in a, b, e and f are done with atomic force mi-
croscopy.
growing graphene on copper. Certain efforts, however, have
to be made to evaluate the efficiency of other approaches
(e.g. bottom-up synthesis using polycyclic aromatic hydro-
carbons) in growing graphene on h-BN.
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